Almost all mutations are recessive. Over the last 70 years, many explanations of this striking pattern have been offered. The debate over which of these theories, if any, is correct became one of the longest and fiercest controversies in the history of evolutionary biology. Perhaps the most famous-and contested-of these theories was offered by Fisher (1). Fisher argued that the dominance of wild-type alleles results from natural selection against recurrent mutations: although most mutations were originally semidominant, selection against their deleterious heterozygous effects gradually reduced their expression among heterozygotes until these mutations became nearly completely recessive. Fisher claimed that this decrease in dominance resulted from the accumulation of modifier alleles at other loci. Although Wright (2, 3) severely criticized this theory, showing that the selection pressure on dominance modification would only be of the order of the mutation rate, Fisher (4) maintained that extremely small selection coefficients were adequate if selection were exerted over a very long time.
Almost all mutations are recessive. Over the last 70 years, many explanations of this striking pattern have been offered. The debate over which of these theories, if any, is correct became one of the longest and fiercest controversies in the history of evolutionary biology.
Perhaps the most famous-and contested-of these theories was offered by Fisher (1) . Fisher argued that the dominance of wild-type alleles results from natural selection against recurrent mutations: although most mutations were originally semidominant, selection against their deleterious heterozygous effects gradually reduced their expression among heterozygotes until these mutations became nearly completely recessive. Fisher claimed that this decrease in dominance resulted from the accumulation of modifier alleles at other loci. Although Wright (2, 3) severely criticized this theory, showing that the selection pressure on dominance modification would only be of the order of the mutation rate, Fisher (4) maintained that extremely small selection coefficients were adequate if selection were exerted over a very long time.
Wright (2, 3) , on the other hand, argued that dominance follows from the physiology ofgene action. Wright suggested that there were simple metabolic reasons to expect a curve of diminishing returns relating phenotype to genotype. If most wild-type alleles have very high enzyme activities, then having one allele will increase flux through some metabolic pathway from zero to a substantial level, while adding a second allele will cause a negligible increase in flux. Obviously, then, organisms will enjoy a margin of safety against loss-of-activity mutations: flux through mutant heterozygoteswill roughly equal that through wild-type homozygotes.
As a result, most mutations will appear recessive. Regardless of whether the high activity of wild-type enzymes results from selection to withstand environmental fluctuations, as Wright, Plunkett (5) , and Muller (6) in haploid species. Unfortunately, the well-known recessivity of most mutations in bacteria and fungi, although suggestive, does not cleanly settle the issue: bacterial cells are "polykaryotic"-that is, they normally carry several copies of a chromosome (9, 10) . Thus, each time a mutation recurswhich must be very often given the enormous size ofbacterial populations-it spends several generations as a heterozygote and is exposed to Fisherian selection for recessivity. Many fungi are also polykaryotic: the compartments of haploid hyphae are frequently multinucleate (11) . Furthermore, fungi do not possess true cells; instead, the gene products of adjacent compartments freely mix (11) . Thus, mutations essentially arise as heterozygotes, just as in diploid organisms. Natural selection-even weak selection acting for only several generations each time a mutation arises-can then render these mutations increasingly recessive over long periods -of time. Last, fungi have a diploid sexual stage in which Fisherian selection might occur.
Chlamydomonas escapes most of these difficulties and so provides nearly ideal material for testing Fisher's theory.
Chlamydomonas, which can reproduce vegetatively for an apparently endless number of generations, spends the overwhelming proportion of its time as a haploid (12, 13) . Moreover, its haploid cells are truly monokaryotic-i.e., they carry only one copy of each chromosome (12 The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. nuclear fusion (13, 14) . Second, one can screen for rare diploid vegetative cells. In the laboratory, zygotes occasionally (0.2-3.0%o) divide mitotically instead of meiotically, yielding temporary vegetative diploids (15, 16) . These diploids represent evolutionary dead-ends: they are mitotically unstable and difficult to maintain and apparently cannot undergo imeiosis (12, 17, 18) .
I surveyed the literature for information on the dominance of Chlamydomonas mutations using Harris' (12, 19) mutant lists as guides. To ensure that mutations having similar phenotypes represent alleles at separate loci, only mutations that were mapped to a known linkage group were included. Because its evolutionary history is unclear, mutations mapping to the unusual circular UNI chromosome (12) were excluded; inclusion of these loci would not, however, qualitatively change the present results. Table 1 lists all loci for which information on dominance was found. Table I (Tables 1 and 2 ). Indeed, no fully dominant mutations were found. -Most important, the distribution of dominance effects found in Chlamydomonas does not differ from that Fisher (1) found in Drosophila ( (19) . *Flagellar mutation.
RESULTS AND DISCUSSION
Proc. Natl. Acad. Sci. USA 88 (1991) lethal mutations from the Chlamydomonas data (see below), as Fisher did for the Drosophila data, the distributions become even more similar (G121 = 0.65; P = 0.75). Thus, mutations are recessive just as often in a typically haploid eukaryote as in a typically diploid species.
It is particularly interesting to note that in Chlamydomonas, just as in Drosophila (4, 8) , lethal mutations are usually recessive. Among auxotrophic or severe photosyntheticdefective mutations, which would almost surely be lethal in nature (i.e., ac, arg, cr, nit, pab, and thi mutations), 13 Interestingly, these data also falsify two other theories of dominance, both offered by Haldane (28, 29) . In his first theory, which is closely related to Fisher's, Haldane (28) argued that natural selection provides a safety net against the heterozygous effects of mutations by replacing wild-type alleles that produce "just enough" enzyme with those producing "too much" enzyme. In short, the evolution of dominance may involve substitutions at the locus suffering the heterozygous effects of recurrent mutations, not substitutions at other modifier loci as Fisher had maintained. In his second theory, Haldane (29) suggested that, during a favorable mutation's sweep to fixation, modifiers might accumulate that render the new mutation dominant to the allele it is replacing. Both of these theories, like Fisher's, require selection on heterozygotes and so cannot explain dominance in haploid organisms. Thus, neither Fisher's theory nor Haldane's theories of dominance can account for the recessivity of mutations in a haploid species. Indeed, the recessivity of mutations in Chlamydomonas falsifies any theory of dominance that invokes modification of heterozygotes by natural selection. In short, these data imply that most mutations are, from the beginning, recessive. Although natural selection might alter the precise activity of wild-type enzymes in particular cases, the present result lends strong support to the notion that the recessivity of mutations is a simple consequence of metabolism, as 
